An approximate holographic dual of QCD is constructed and shown to reproduce the empirical linear trajectories of universal slope on which the square masses of radially and orbitally excited hadrons join. Conformal symmetry breaking and other IR effects are described exclusively by deformations of the anti-de Sitter background metric. The predictions for the light hadron spectrum include new relations between ground state masses and trajectory slopes and are in good overall agreement with experimental data.
The AdS/QCD program aims at constructing the holographic dual of Quantum Chromodynamics (QCD) on the basis of the AdS/CFT correspondence 1 and experimental data. Since the pioneering work 2 , this approach has met with considerable success in describing vacuum and hadron properties by a local field theory for the QCD dual in IR-deformed AdS 5 spacetime (and potentially other background fields) whose form and parameters are constrained by experimental information. For various investigations in this direction see e.g. the references in 3 .
Much of this work was based on the minimal "hard wall" implementation of IR effects and confinement 2 . Although very useful in several respects, this abrupt compactification of the fifth dimension predicts quadratic instead of linear square mass trajectories both as a function of spin and radial excitation quantum numbers 4,5 , however, in contrast to experimental data and semiclassical string model arguments 6 . Different ways to overcome this problem in the meson sector have been proposed in Refs. 7,8 , and a dual description for the similarly pronounced empirical trajectories 9 in the baryon sector has been found recently 3 . The latter reproduces the linear trajectories 9,10
and orbital (L) excitations in both meson and baryon spectra. The holographic description relies on the identification of high angular momentum states with metric fluctuations 4,11 and naturally accommodates the approximately universal empirical slope W ∼ 1.1 GeV 2 of all trajectories 3 . For an UV conformal gauge theory like QCD, the dual string spacetime is the product of a five-dimensional non-compact part which asymptotically becomes antide Sitter space AdS 5 (R) of curvature radius R, and a five-dimensional compact Einstein space X 5 . The line element therefore takes the form 2
( 1) where η µν is the four-dimensional Minkowski metric and A(z) → 0 as z → 0 in order to reproduce the conformal behavior of asymptotic freedom at high energies. The string modes φ i (x, z) = e −iPix f i (z) dual to physical states of the gauge theory are particular solutions of the wave equations in the geometry (1) and fluctuations around it 1 . Rewritten as eigenvalue problems, the field equations become
for the normalizable string modes ϕ (z) = g (z) f M (z) dual to spin-0, 1 mesons as well as
for the string modes ψ ± (z) = h (z) f B,± (z) dual to spin-1/2, 3/2 baryons (± denote the fermion chiralities) 4 . The eigenvalues M 2 M,B give the hadronic mass spectrum and the boundary conditions on the eigensolutions ϕ and ψ ± determine the corresponding gauge theory operator 1 . The duals of hadron states |i behave as
τi where τ i = ∆ i − σ i is the twist of the lowest-dimensional gauge theory operator which creates |i . (Thereby τ i enters the mass terms of the potentials V M,B .) The lightest string modes are then associated with the leading twist operators, and therefore with the valence quark content of the low-spin (i.e. spin 0, 1/2, 1, and 3/2) hadron states 4 . The duals of orbital excitations are identified with fluctuations about the AdS background 4,11 .
The first part of our strategy is to find a minimal modification of the potentials V M,B in the AdS 5 background (given by Eq. (1) with A (z) ≡ 0) which reproduce the desired linear trajectories with universal slopes. It turns out that this requires to break conformal symmetry via the replacement τ i → τ i + λ 2 z 2 in the AdS 5 potentials. With τ M = L + 2 for the twist of the meson interpolators the mesonic potential becomes
while the baryon potential, associated with the interpolators of twist τ B = L + 3, turns into The eigenfunctions 3 have appreciable support only in the small region z √ 2λ
QCD close to the UV brane, which is an expected consequence of confinement. The corresponding eigenvalues
show that the square masses of both mesons and baryons are indeed organized into the observed N + L trajectories. Moreover, Eqs. (6) predict the universal slope
for both meson and baryon trajectories in terms of the IR scale λ and exhibit a mass gap of order √ W . The intercepts M 2 i,0 relate the trajectory slope in a new way to their ground state masses,
In order to show how the above potentials (4), (5) arise from a holographic dual by specific IR deformations of AdS 5 , we now construct the corresponding background metric explicitly. This can be done by equating the field mode potentials in the geometry (1) with a priori undetermined warp functions A (z) to their counterparts (4), (5) and leads to the nonlinear, inhomogeneous differential equation
of first order (where l ≡ L + 1 and ± denotes the chirality) in the baryon sector and to the second-order equation
for the mesons. Of course, it is a priori uncertain whether there exists an approximate gravity dual whose IR deformation can reproduce a given five-dimensional potential and spectrum, simply because it may not result from a boundary gauge theory. This is reflected in the fact that the differential equations for A (z) may not have physically acceptable solutions subject to the conformal boundary condition A (0) = 0. In our case, however, such solutions exist. The exact solution of Eq. (9) for both baryon chiralities can even be found analytically,
The solutions A M of Eq. (10) Our conformal symmetry breaking scale λ is determined by experimental data for the trajectory slope W = 4λ
2 . This entails the prediction M ρ = W/2 for the rho meson mass, which holds at the few-percent level, and implies λ = M ρ / √ 2 = 0.55 GeV. In the baryon sector we similarly predict M ∆ = 3W/2 = 1.27 GeV for the isobar mass. The alternative determination of λ = M ∆ / √ 6 = 0.50 GeV differs by less than 10% from that in the rho channel and confirms the approximate universality of λ and W = 4λ
2 . The slope W is also related to the QCD scale, estimated as Λ QCD ≃ W/8 = λ/ √ 2 ≃ 0.35 GeV and close to the empirical value Λ QCD ≃ 0.33 GeV (at hadronic scales with three active flavors) 12 . The resulting trajectories match the experimental data well 3 , with two expected exceptions: the pion and nucleon come out too heavy since the present, simplest version of our holographic dual lacks chiral symmetry.
We conclude that our construction of a rather efficient and predictive QCD gravity dual which generates the linear trajectories (6), including for the first time those empirically found in the baryon sector, provides new support for the AdS/QCD program. It establishes the basis for calculating gauge theory correlation functions and observables from the dual mode solutions 3 on the basis of the AdS/CFT dictionary 1 and predicts new relations between the ρ and ∆ masses and their trajectory slopes. Our method of reconstructing the dual mode dynamics from spectral properties on the gauge theory side may be useful for other applications as well.
